In the present work, we perform a systematic investigation on p-type co-doping in (Ga,Mn)As. Through gradually increasing Zn doping concentration, the hole concentration increases, which should theoretically lead to an increase of the Curie temperature (TC) according to the p-d Zener model. Unexpectedly, although the film keeps its epitaxial structure, both TC and the magnetization decrease. The samples present a phase transition from ferromagnetism to paramagnetism upon increasing hole concentration. In the intermediate regime, we observe a signature of antiferromagnetism. By using channeling Rutherford-Backscattering Spectrometry and Particle-Induced X-ray Emission, the substitutional Mn atoms are observed to shift to interstitial sites, while more Zn atoms occupy Ga sites, which explains the observed behavior. This is also consistent with first-principles calculations, showing that the complex of substitutional Zn and interstitial Mn has the lowest formation energy.
In the present work, we perform a systematic investigation on p-type co-doping in (Ga,Mn)As. Through gradually increasing Zn doping concentration, the hole concentration increases, which should theoretically lead to an increase of the Curie temperature (TC) according to the p-d Zener model. Unexpectedly, although the film keeps its epitaxial structure, both TC and the magnetization decrease. The samples present a phase transition from ferromagnetism to paramagnetism upon increasing hole concentration. In the intermediate regime, we observe a signature of antiferromagnetism. By using channeling Rutherford-Backscattering Spectrometry and Particle-Induced X-ray Emission, the substitutional Mn atoms are observed to shift to interstitial sites, while more Zn atoms occupy Ga sites, which explains the observed behavior. This is also consistent with first-principles calculations, showing that the complex of substitutional Zn and interstitial Mn has the lowest formation energy.
I. Introduction
The III-V dilute ferromagnetic semiconductors (DFS), in which a fraction of the cations is substitutionally replaced by 3d transition metal atoms, behave as both semiconductors and ferromagnets [1] [2] [3] [4] [5] [6] . In DFS, the ferromagnetism is mediated by itinerant holes, which has been successfully explained by the Zener mean-field model [3, 7, 8] . For the most canonical DFS (Ga,Mn)As, the Curie temperature (TC) is determined by the effective Mn concentration (Mneff) and the hole concentration p as TC∝Mneffp 1/3 [3, 7, 9] . Another example solidifying the importance of holes is given by p-type nitrogen-doped (Zn,Mn)Te epitaxial layers, in which the ferromagnetic coupling with a TC of 2.4 K emerges, once the hole concentration approaches 1.5×10
19 cm -3 together with an effective Mn concentration of 2.7% [10, 11] . Thus, intentionally increasing the hole concentration is always placed as a central task to increase TC and manipulate the magnetic properties in DFS. This has been attempted by electrical gating [4, 8, [12] [13] [14] [15] as well as acceptor co-doping [10, 11] . However, the threshold Mn concentration for the presence of global ferromagnetism is several orders of magnitude higher than its equilibrium solid solubility in III-V semiconductors, therefore prohibiting most preparation ways for conventional co-doping of epitaxial thin films [1, 16] . Nevertheless, Devillers et al. successfully obtained high-quality Mg-doped (Ga,Mn)N epitaxial films by metalorganic vapor phase epitaxy (MOVPE) [17] .
Unfortunately, during the growth process, Mg p-dopant atoms diffuse and approach the Mn atoms to finally forming Mn-Mg dimers, which largely quenches the Mn moment [17] . Thus, a novel preparation of co-doping acceptor elements in III-Mn-V DFS is of great importance.
In the present work, we have systematically increased the carrier concentration in the canonical DFS (Ga,Mn)As through Zn co-doping by using ion implantation combined with pulsed laser melting and performed investigations on structural, electronic and magnetic properties of the prepared samples. We unexpectedly find that, while keeping the epitaxial structure, both TC and magnetization decrease upon increasing the hole concentration by Zn co-doping. Rutherford Backscattering Spectroscopy (RBS) and Particle-Induced X-ray Emission (PIXE) results and ab initio calculations consistently show, that the substitutional doping of Zn energetically drives
Mn atoms into interstitial sites, which results in the reduction of the magnetization in the layer. Our results indicate, that the way of co-doping for introducing holes into the DFS system to increase TC is quite difficult and a solution to avoid Mn interstitialization during the preparation is urgently required.
II. Experimental methods

A. Sample Preparation
The (Ga,Mn)As and Zn co-doped films for this study were prepared by Mn and
Zn ion co-implantation into semi-insulating GaAs wafers followed by pulsed laser melting (PLM J/cm 2 was adopted to get the best epitaxial structure as previously reported [19] . It is worth noting that such an ultrafast pulsed laser annealing causes a non-equilibrium recrystallization, which is different from the equilibrium annealing before [20] . To remove the Mn-rich oxide layer formed during the PLM process, all samples were immersed in a (1:10) HCl solution at room temperature for 1 hour [21] . Other groups have also used such an approach combining ion implantation and PLM to prepare (Ga,Mn)As and (Ga,Mn)P [22] [23] [24] . Chen et al. also tried to use ion irradiation to recrystallize Mn implanted GaAs [25] .
B. Sample Characterization
The magnetic properties of the samples were studied by using a Quantum Design MPMS 3 Superconducting Quantum Interference Device -Vibrating Sample
Magnetometer (SQUID-VSM). For the magnetization curves at 5 K, the diamagnetic signal contribution of the GaAs substrate was subtracted by the room-temperature M-H curves. For the thermo-remanent magnetization (TRM) measurements, the sample was firstly cooled down to 5 K under an external field of 2 kOe, then the field was reset to zero by a superconducting magnet quench, and data was collected during warming.
For all magnetic measurements, the magnetic field was applied along the in-plane
[110] direction which is the magnetic easy axis for (Ga,Mn)As. The magneto-transport measurements for all samples were performed with a magnetic field applied perpendicularly to the film plane in a Lake Shore Hall Measurement System using the van-der-Pauw geometry. The electrical contact was made by silver paste. The structural properties of the PLM-treated samples were studied by Rutherford Backscattering Spectrometry/Channeling (RBS/C) which was performed with a collimated 1. axis of the substrate. During collecting the random spectra, the GaAs sample was tilted by 4° and rotated around its surface normal. The random spectra were High-resolution transmission electron microscopy (TEM) analysis was performed using an image-Cscorrected Titan 80-300 microscope (FEI) operated at an accelerating voltage of 300 kV.
For some results the error bars are given, but they only include the statistical error.
C. First-principles Calculations
Our first-principles calculations were performed using spin-polarized density functional theory (DFT), as implemented in the Vienna ab initio simulation package (VASP) code [26] . The projector-augmented wave (PAW) potentials [27] were adopted to describe the core electrons, and the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzernhof (PBE) [28] was used for exchange-correlation functional. In order to simulate the experimental dopant concentration, a zinc-blende GaAs unit cell was extended to a 2×2×3 supercell, then one Mn atom replaced one Ga atom and one additional Zn atom was placed on an interstitial site. So, the whole structure contained 48 As atoms, 47 Ga atoms, one Mn atom and one Zn atom. Both the lattice parameter and atomic positions were relaxed to a force tolerance of 0.01 eV/Å, while the cut-off energy was set to 360 eV. The Brillouin zone sampling was done using a 6×6×4 Monkhorst-Pack grid.
III. Results and discussion
A. Structure Characterization by aligning the GaAs [011] axis, which is more sensitive to interstitial Mn impurities [31, 33, 34] . For the random spectra, Ga and As signals are both prominent, whereas the Mn signal is not visible due to its low concentration of only several percent and its overlap with the Ga and As signals. From the RBS-channeling signal, the PLM-treated (Ga,Mn)As:Zn layers show the channeling effect with the surface peaks located around 1320 and 1330 keV referring to Ga and As, respectively. In addition, a minimum backscattering yield χmin of around 8.0% can be estimated (defined as the ratio of the aligned to the random yields [32] in the energy range 1275-1300 keV), which is comparable to that of the virgin GaAs substrate, as shown in Fig. 2(b) . In summary, both RBS/C and high-resolution TEM analysis confirm an epitaxial regrowth of the (Ga,Mn)As:Zn layers during the PLM treatment. To confirm the hole-doping effect in Zn-co-doped samples, electrical properties were investigated and results are shown in Fig. 3 . As displayed in Fig. 3(a) , upon increasing temperature from 5 K to 60 K which is around the TC, the resistance of the Zn-0 sample presents metallic behavior, which is consistent with the typical ferromagnetic (Ga,Mn)As sample. Moreover, as expected, with increased Zn doping, the sheet resistance gradually reduces, indicating that the carrier concentration is indeed increased by the Zn dopants, quantitatively confirmed by the Hall resistance, as shown in Fig. 3 in LT-MBE grown (Ga,Mn)As [35] [36] [37] . In the as-grown samples [31] , the authors also found that although the hole concentration is higher in Zn co-doped sample the Curie temperature is lower compared with un-codoped (Ga,Mn)As. Upon post-growth annealing at low temperatures, the authors postulate the formation of GaAs:Zn and
B. Magneto-transport properties
MnAs/Zn-Mn-As complexes in Zn co-doped samples [31] .
The magnetoresistance (MR) measurement was performed here as well, because it carries fruitful magnetic and electrical information of the sample, and the results are displayed in Fig. 3(b) . Herein, the temperature-dependent magnetoresistance is contribute to the hole-mediated ferromagnetism [42, 44] . However the co-doping induced magnetization reduction has been also observed in Be co-doped (Ga,Mn)As prepared by LT-MBE [31, 33] . The quantitative investigation of the Mn lattice localization is carried out by channeling particle-induced X-ray emission (PIXE), due to its high sensitivity to interstitial atoms in the lattice. According to the research by K. M. Yu et al. [31, 33] , Mn atoms diffuses to the surface and generates an oxide capping layer during the annealing process [45] . For an ideal crystal lattice without any interstitials, the backscattering between the He ions and the impurity atoms occupying the lattice sites is largely suppressed, if the He beam is parallel to a low-index crystal direction, due to the Coulombic potential along the axis, leading to a nearly zero-signal channeling spectrum. However, interstitial atoms intensively increase such backscattering and present a peak in the channeling spectrum, enabling channeling RBS/PIXE to be an element-resolved lattice location technique [33, 34] . As a consequence, the integral yield ratio χmin between channeling and random spectra directly responses to the fraction of interstitial impurities, which can be calculated as [32] :
D. Substitutional vs. interstitial Mn concentration
where fint and fsub are the fraction of interstitial and substitutional Mn. Accordingly, the ratio of Mnint/Mntotal gradually increases from 7%, via 15%, 20%, 29% to 35% for the according to the PIXE results, the Zn co-doping does not only result in an increased fraction of Mnint in the layer but also lowers the total Mn content in the layer. Actually, the shift of Mn atoms from substitutional sites to interstitial sites has been theoretically explained [46] . The system energy is increased by the continuous shift of the Fermi level in the valence band, thus will be energetically compensated by the appearance of donors. In our case, the impurity binding energy of Zn in GaAs is ~30 meV [47] , which is closer to the valence band maximum (VBM) than Mn (112 meV) [48] . Thus, Mn interstitials appear and compensate holes introduced by the Zn dopant. Our experimental results are supported by first-principles calculations, which will be discussed in Section E. Fig. 8 . According to the DFT calculations, it is obvious that the system with interstitial atoms placed closed to
As atoms presents lower energy than the one in which interstitial atoms are closer to Ga atoms, for both Mn and Zn. As shown in Fig. 8(j) , if the distance between Zn and Mn atoms is larger than 6 Å, the system presents a constant energy for all four situations.
However, for both interstitial Mn and Zn atoms, the energy per cell of As-near case is around 0.1 eV lower than the one of Ga-near case. Thus, it is concluded, that the Asnear interstitial atoms dominate, which is in excellent agreement with a previous TEM analysis showing that the Mnint preferably occupy As-approach As sites [49, 50] .
However, unfortunately, it is impossible to distinguish these two cases by channeling- vapor-phase epitaxy (MOVPE) [17] . Noted that the configuration of substitutional Mn atoms together with substitutional Zn atoms presents a much higher energy than the other states. In conclusion, according to the ab initio calculation, the substitutional Zn doping prefers to energetically drive the Mn atoms to the interstitial sites, which are close to the As atoms.
VI. Conclusions
In summary, by ion implantation and subsequent pulsed laser melting, co-doping of Zn is achieved in (Ga,Mn)As, leading to a gradual increase of the hole concentration upon raising the Zn implantation fluence. Thus, ion implantation combined with pulsed laser annealing will be a potential approach to achieve co-doping in DFS materials, while keeping the epitaxial structure. However, unexpectedly, both the Curie temperature and the magnetization exhibit a reduction. Moreover, we observed that the co-doped (Ga,Mn)As to undergo a phase transition from ferromagnetism, via antiferromagnetism, to finally paramagnetism upon increasing co-doping concentration.
According to the channeling-RBS/PIXE measurements, we have found that the reduced ferromagnetism and the magnetic phase transition are due to the increased interstitial Mn fraction driven by substitutional Zn doping, which is further confirmed by ab initio calculations. 
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